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Abbreviations used: 'DX$ 'LFDUER[\OLF XSWDNH V\VWHP $ '2 GHXWHUDWHG ZDWHU '77
GLWKLRWKUHLWRO ,0$& LPPRELOL]HG PHWDOLRQDIILQLW\ FKURPDWRJUDSK\ /% /XULD±%HUWDQL 6$16













D WUDQVPHPEUDQH 70 GRPDLQ DQG D &WHUPLQDO F\WRSODVPLF 6XOIDWH 7UDQVSRUWHU DQG $QWL6LJPD
IDFWRU 67$6 GRPDLQ ,Q D IXQGDPHQWDO VWHS WRZDUG XQGHUVWDQGLQJ WKH VWUXFWXUHIXQFWLRQ










SURWHLQV H[KLELW DZLGHYDULHW\RI IXQFWLRQV WUDQVSRUWLQJDQLRQV UDQJLQJ IURPKDOLGHV WRFDUER[\OLF
DFLGV>@
 
+XPDQ 6/&$ SURWHLQV KDYH EHHQ VKRZQ WR SOD\ FULWLFDO UROHV LQ FHOO SK\VLRORJ\ 7KH\ DUH
LPSOLFDWHG LQJHQHWLFGLVHDVHV VXFKDVGLDVWURSKLFG\VSODVLD FRQJHQLWDOFKORULGHGLDUUKRHD3HQGUHG
V\QGURPHDQGQRQV\QGURPLFGHDIQHVV >@ZKLOH WKHH[SUHVVLRQRI6/&$KDVEHHQ UHODWHG WR
HQKDQFHG SUROLIHUDWLRQ RI FRORQ FDQFHU FHOOV >@ $GGLWLRQDO SDWKRORJLFDO SKHQRW\SHV KDYH EHHQ
UHSRUWHG LQPLFHGHILFLHQW LQ6/&JHQHH[SUHVVLRQ LQFOXGLQJPDOH LQIHUWLOLW\GLVWDO UHQDO WXEXODU










FRPPRQVWUXFWXUH WKHVHSURWHLQVFRPSULVHDQ LQWHJUDOPHPEUDQHGRPDLQIROORZHGE\D &WHUPLQDO
F\WRSODVPLF 6XOSKDWH 7UDQVSRUWHU DQG $QWL6LJPD IDFWRU DQWDJRQLVW 67$6 GRPDLQ 7RSRORJ\
SUHGLFWLRQV UDQJH IURP  WUDQVPHPEUDQH KHOLFHV 70+ DOWKRXJK D WRSRORJ\ RI 
WUDQVPHPEUDQHKHOLFHVKDVEHHQSURSRVHGDFURVVWKHIDPLO\EDVHGXSRQDPRGHORI%LF$>@

+LJK UHVROXWLRQ VWUXFWXUDO GDWD LV RQO\ DYDLODEOH IRU WKH VROXEOH 67$6 GRPDLQ VWUXFWXUHV RI WZR




VXEMHFW RI GHEDWH DV VHYHUDO PHPEHUV DFURVV PXOWLSOH VSHFLHV KDYH EHHQ UHSRUWHG WR IRUP GLPHUV
DQGRU WHWUDPHUV >@ 8VLQJ6PDOO$QJOH1HXWURQ6FDWWHULQJFRPELQHGZLWKFRQWUDVWYDULDWLRQ




6OF$ IDPLO\ ZH KDYH XVHG 6PDOO $QJOH 1HXWURQ 6FDWWHULQJ 6$16 WR IXUWKHU LQYHVWLJDWH
<H6OF$GRPDLQRUJDQLVDWLRQDQGFRPSDUHWKLVZLWKWKHIXQFWLRQDOO\FKDUDFWHULVHG(FROL'DX$
DOORZLQJ XV WR GHILQH DQG SURSRVH D FRQVHUYHG VWUXFWXUDO DUFKLWHFWXUH IRU 6OF$ SURWHLQV  3XOVHG





WKH SXULILHG SURWHLQV IRUP VWDEOH GLPHUV 6$16 DQDO\VLV RQ D WUXQFDWHG 70 GRPDLQ DORQH DQG DQ








Expression and purification of proteins.  
7KH ( FROL GDX$ JHQH ZDV FORQHG LQWR S$UQR >@ EHWZHHQ ;KR, DQG %DP+, VLWHV XVLQJ WZR
ROLJRQXFOHRWLGHV ¶DWJFFWFJDJDDWJFFWWWFFJFJFWFWJDWFJDF¶ DQG ¶
DWJFJJDWFFWDDDWFFJFFDWFJFFJFJFJDFJ¶7KH<H70GRPDLQZDVFORQHGLQWRS:DOGRH>@EHWZHHQ
;KR,DQG%DP+,VLWHVXVLQJ WZRROLJRQXFOHRWLGHV¶DWJFFWFJDJDDWJWJJFDJJWWWWDDDDWFD¶ ;KR,VLWH
XQGHUOLQHG DQG DWJFJJDWFFJDWDFJJFJDJFDDDFDJJDW¶ %DP+, VLWH XQGHUOLQHG 7R H[SUHVV WKH WZR
FKLPHULF<H6OF$*)3SURWHLQV<H*)3DQG<H*)3WKH<HQWHURFROLWLFD<HVOFDJHQH
<(ZDVFORQHGLQWRS:DOGRHEHWZHHQ;KR,DQG%DP+,VLWHVXVLQJWZRROLJRQXFOHRWLGHVƍ





E\XVLQJ WKH6WUDWDJHQH 4XLNFKDQJH ,,6LWH'LUHFWHG0XWDJHQHVLV.LWXVLQJ <HVOF$S$UQRDV D
WHPSODWH
<H6OF$ DQG DOO GHULYDWLYHV ZHUH H[SUHVVHG DQG SXULILHG DV SUHYLRXVO\ GHVFULEHG >@ 7KH




3$*( JHO DQG E\ JHO ILOWUDWLRQ RQ VXSHUGH[   DV SUHYLRXVO\ GHVFULEHG >@ $OO 6$16
VDPSOHVZHUHSUHSDUHGDWWKHSUHYLRXVO\GHWHUPLQHGFRQWUDVWPDWFKSRLQWRI'2
([SUHVVLRQRIUDQGRPIUDFWLRQDOGHXWHUDWHG³PDWFKRXWODEHOOHG´<H6OF$IRUQHXWURQVFDWWHULQJ
ZDV FDUULHG RXW LQ WKH ,// 'HXWHUDWLRQ /DERUDWRU\ D WHFKQLFDO SODWIRUP ZLWKLQ WKH 3DUWQHUVKLS IRU
6WUXFWXUDO%LRORJ\36%*UHQREOH)UDQFH5HFRPELQDQW%/'(FHOOVZHUHJURZQLQDKLJKFHOO
GHQVLW\FXOWXUHDWÛ& LQYY'2FRQWDLQLQJPLQLPDOPHGLXPXVLQJXQODEHOOHGJO\FHURODVFDUERQVRXUFH%HIRUHLQGXFWLRQZLWKP0,37*DWDQ2'RIWKHWHPSHUDWXUHZDVDGMXVWHG
WR Û& DQG WKH PLQLPDO PHGLXP VXSSOHPHQWHG ZLWK  RI  YY GHXWHUDWHG 6LODQWHV 2'
PHGLXP 6LODQWHV *PE+ 0XQLFK *HUPDQ\ ([SUHVVLRQ WHVWV LQ IODVN FXOWXUHV KDG VKRZQ WKDW
<H6OF$LVQRWH[SUHVVHGLQGHXWHUDWHGPLQLPDOPHGLXPZLWKRXWVXSSOHPHQWDWLRQ'HXWHUDWHGFHOOV
JZHWZHLJKW IURP/RI IHUPHQWHUFXOWXUHZHUHKDUYHVWHGDIWHUKRXUVH[SUHVVLRQDWDQ
2' RI  7KH ILQDO GHXWHUDWLRQ OHYHO JDYH D FRQWUDVW PDWFK SRLQW WKDW FRUUHVSRQGHG WR
DSSUR[LPDWHO\'2)RU6$16H[SHULPHQWV'2ZDVLQFOXGHGLQWKHJHOILOWUDWLRQEXIIHUDQG WKH SXULILHG SURWHLQV ZHUH FRQFHQWUDWHG ZLWK D &HQWULFRQ . 0LOOLSRUH WR  PJPO DQG
GLDO\VHGDJDLQVWWKHVDPHEXIIHU
SANS experiments, data reduction 
$OO VDPSOHV ZHUH PHDVXUHG RQ WKH ODUJH G\QDPLF UDQJH GLIIUDFWRPHWHU ' DW WKH ,QVWLWXWH /DXH
/DQJHYLQ *UHQREOH )UDQFH LQ +HOOPD TXDUW] FXYHWWHV 46 ZLWK PP RSWLFDO SDWKOHQJWK
6DPSOHWHPSHUDWXUHZDVNHSWDWÛ&GXULQJWKHH[SRVXUHWLPHV7KHG<H6OF$DQG<H70VDPSOHV







ZHUH PHDVXUHG ([SRVXUH WLPHV YDULHG EHWZHHQ PLQXWHV HPSW\ FHOO ERURQ DQG  KRXU IRU WKH
SURWHLQVDPSOHVDQGEXIIHUV7UDQVPLVVLRQVZHUHPHDVXUHGIRUPLQXWH7KHUDZGDWDZHUHUHGXFHG
GHWHFWRUHIILFLHQF\HOHFWURQLFEDFNJURXQGDQJXODUDYHUDJLQJXVLQJDVWDQGDUG,//VRIWZDUHSDFNDJH
>@)LQDOO\WKHFRUUHFWHGVFDWWHUHGLQWHQVLWLHV,4 TOS VLQ 4 ZKHUH T LVWKHVFDWWHULQJ
DQJOHIURPWKHGLIIHUHQW4UDQJHVZHUHPHUJHGLQWKHFDVHRIWKHPPDQGPPVHWXSVDQG
WKHUHVSHFWLYHEXIIHUVLJQDOVVXEWUDFWHGXVLQJWKHSURJUDP35,086IURPWKH$76$6VXLWH
SANS data analysis 
5DGLLRIJ\UDWLRQ7DEOH67KHUDGLL RIJ\UDWLRQ5JRIDOOVDPSOHVZHUHH[WUDFWHGE\WKH*XLQLHU
DSSUR[LPDWLRQXVLQJWKHSURJUDP35,086
> @ > @ JOQOQ 45,4,  
7KHYDOLGLW\RIWKH*XLQLHUDSSUR[LPDWLRQ d45J ZDVYHULILHGDQGIXOILOOHGLQHDFKFDVH 
/RZUHVROXWLRQ PRGHOV GHWHUPLQHG E\ DE LQLWLR DQDO\VLV XVLQJ '$00,1 :H XVHG WKH SURJUDP
'$00,1>@WRJHQHUDWHORZUHVROXWLRQHQYHORSHVRIDOOVDPSOHV7KH'$00,1LQSXWILOHVZHUH




*HQHUDWLRQ RI DYHUDJHG µPRVW SUREDEOH¶ PRGHOV )RU HDFK SURWHLQ DW OHDVW  DE LQLWLR '$00,1
PRGHOV ZHUH JHQHUDWHG ZLWK QR V\PPHWU\ FRQVWUDLQWV DSSOLHG 3 V\PPHWU\ DOO ZHUH FKHFNHG IRU
ERWKFRQVLVWHQF\LQVKDSHDQGWKHSUHVHQFHRIV\PPHWU\$OOSURWHLQVVKRZHGHYLGHQFHRIURWDWLRQDO
V\PPHWU\ DQG WKHUHIRUH DW OHDVW  DE LQLWLR '$00,1 PRGHOV ZHUH JHQHUDWHG ZLWK WKH UHOHYDQW




DE LQLWLR PRGHOV ZHUH XVHG E\ '$0$9(5 )LQDO PRGHOV ZHUH DOLJQHG XVLQJ 683&20% ZLWK
HQDQWLRPHUVDOORZHGDQGV\PPHWU\DSSOLHGZKHUHDSSURSULDWH683&20%VXSHULPSRVHVDQGDOLJQV
WZR PRGHOV EDVHG XSRQ WKH PLQLPDO 1RUPDOLVHG 6SDWLDO 'LVFUHSDQF\ 16' ZKHUH 16' LV  IRU
LGHQWLFDO VWUXFWXUHV DQG DERYH  IRU PROHFXOHV FRQVLGHUHG V\VWHPDWLFDOO\ GLIIHUHQW ([FHSW ZKHUH
VWDWHG DOO 3 PRGHOV VKRZHG 3 V\PPHWU\ DQG KHQFH WKH SURFHVV ZDV UHSHDWHG ZLWK 3 V\PPHWU\
LPSRVHG






4LDJHQ DQG VHFRQGDU\ DQWLERG\ JRDW DQWLPRXVH FRQMXJDWHG WR KRUVHUDGLVK SHUR[LGLVH +53
%LRUDG














Pulsed Electron-Electron Double Resonance Spectroscopy  
7KHSURWHLQ<H6OF$'&PJPOZDVPL[HGZLWKDIROGPRODUH[FHVVRI(R[\O
WHWUDPHWK\OS\UUROLQHPHWK\OPHWKDQHWKLRVXOIRQDWH 0766/ DQG LQFXEDWHG IRU  KU DW  &
0766/H[FHVVZDVVXEVHTXHQWO\UHPRYHGE\VXFFHVVLYHGLDO\VLVDQGEXIIHUH[FKDQJHLQWRP0
7ULVP01D&O)RVFKROLQHLQ'26LJPD([SHULPHQWVZHUHSHUIRUPHGDW'
JO\FHURO XVLQJ D %UXNHU (/(;6<6 ( SXOVHG VSHFWURPHWHU RSHUDWLQJ DW;EDQG ZLWK D VWDQGDUG
IOH[OLQHSUREHKRVWLQJDGLHOHFWULFULQJUHVRQDWRU0'DQGD%UXNHU8VHFRQGPLFURZDYHVRXUFH
XQLW$OOPHDVXUHPHQWVZHUHPDGHDW.ZLWKDQRYHUFRXSOHGUHVRQDWRUJLYLQJDTXDOLW\IDFWRU4RI






 UHVSHFWLYHO\ 'DWD ZHUH DQDO\VHG XVLQJ WKH 'HHU$QDO\VLV  VRIWZDUH SDFNDJH 7KH GLSRODU
FRXSOLQJHYROXWLRQGDWDZHUHFRUUHFWHGIRUEDFNJURXQGGHFD\XVLQJDKRPRJHQHRXVWKUHHGLPHQVLRQDO
VSLQ GLVWULEXWLRQ PRGHO 7KH GLVWDQFH GLVWULEXWLRQ ZDV GHWHUPLQHG E\ ILWWLQJ RI D VLQJOH *DXVVLDQ
GLVWULEXWLRQPRGHOXWLOLVLQJDQPOLQHZLGWKWDUJHW
Homology modelling and molecular dynamics 
6HTXHQFHVZHUHVXEPLWWHG WR WKH++3UHGDQG02'(//(5VHUYHUVDW WKH0D[3ODQFN ,QVWLWXWH IRU




$OODWRP PROHFXODU G\QDPLFV VLPXODWLRQV ZHUH SHUIRUPHG ZLWK *520$&6>@ XVLQJ WKH
$PEHUVELOGQIRUFHILHOGIRUWKHSURWHLQ>@WKH%HUJHUPRGHOIRU323&OLSLGV>@DQGWKH63&(
PRGHO IRU ZDWHU>@ 7KH VWUXFWXUDO PRGHOV ZHUH HTXLOLEUDWHG IRU  QV ZLWK SRVLWLRQ UHVWUDLQWV RQ




A conserved structural architecture amongst bacterial Slc26A transporters 
:HKDYHVWXGLHGWZRGLVWDQWO\UHODWHGEDFWHULDOKRPRORJXHVWRLQYHVWLJDWHWKHH[LVWHQFHRIDFRPPRQ
DUFKLWHFWXUHZLWKLQWKH6OF$IDPLO\$QDO\VLVRISURNDU\RWLFSURWHLQVLQRUGHUWRJDLQLQVLJKWVLQWR
WKHLU HXNDU\RWLF FRXQWHUSDUWV LV DQ DSSURDFK XVHG VXFFHVVIXOO\ LQ WKH VWXG\ RI PDQ\ WUDQVSRUWHU
IDPLOLHV>@:HFKRVH(FROL'DX$N'DDQG<HQWHURFROLWLFD6OF$<H6OF$N'D
3K\ORJHQHWLFDQDO\VLVGHPRQVWUDWHV WKH\DUH IURP WZRGLVWLQFWFODGHV )LJXUHZLWKDQ LGHQWLW\RI












EHUHGXFHGWRDPLQLPXPE\WKHSUHVHQFHRI'2DWWKHFRUUHFWFRQWUDVWPDWFKSRLQW LH+2'2UDWLR LQ WKH VROYHQW )XUWKHU GHXWHUDWLRQ RI D SURWHLQ DOORZV IRU D JUHDWHU UHGXFWLRQ LQ WKH UHODWLYH
FRQWULEXWLRQRIGHWHUJHQWWRWKHVLJQDORIWKHSURWHLQWKXVLQFUHDVLQJWKHVLJQDOWRQRLVHUDWLR3URWHLQV
FDQEHGHXWHUDWHGIRU6$16E\JURZWKLQGHXWHUDWHGPLQLPDOPHGLDXVLQJKLJKFHOOGHQVLW\FXOWXUHV
<H6OF$ LV H[SUHVVHG UHDGLO\ PJ SURWHLQJ FHOOV LQ 0 PLQLPDO PHGLD 'DX$ H[SUHVVLRQ
KRZHYHU LQ PLQLPDO PHGLD LV H[WUHPHO\ ORZ GDWD QRW VKRZQ DQG LV WKHUHIRUH QRW VXLWDEOH IRU
GHXWHUDWLRQ 7KXV ZH SHUIRUPHG 6$16 H[SHULPHQWV RQ GHXWHUDWHG <H6OF$ G<H6OF$ DQG
QRQGHXWHUDWHGK\GURJHQDWHG'DX$





RI SURJUDPV >@ WR JHQHUDWH ORZ UHVROXWLRQ HQYHORSH PRGHOV RI WKH SURWHLQV DV GHVFULEHG LQ WKH
([SHULPHQWDO 3URFHGXUHV VHFWLRQ ,QLWLDO DE LQLWLR PRGHOV ZHUH JHQHUDWHG ZLWK QR V\PPHWU\
FRQVWUDLQWV 3 V\PPHWU\ LQGLYLGXDO 'DX$ PRGHOV DUH SUHVHQWHG LQ )LJXUH % '$0$9(5 ZDV







) ZDV XVHG WR FRPSDUH WKH VLPLODULW\ RI WKH WZR PRGHOV WKH 16' YDOXH RI  FRQILUPV WKDW
'DX$KDVJHQXLQH3V\PPHWU\
7KH VDPH SURFHVV ZDV XVHG WR JHQHUDWH D ILQDO PRGHO RI G<H6OF$ ZLWK 3 V\PPHWU\ LPSRVHG
)LJXUH$ WKHILQDOPRVWSUREDEOH3PRGHO LV VKRZQ LQ6XSSOHPHQWDU\)LJXUH6%)LWVRI WKH
SUHGLFWHGVFDWWHULQJFXUYHVIURPWKH'$06(/VHOHFWHGPRVWW\SLFDOLQGLYLGXDO3DQG3PRGHOVWR
WKHVFDWWHULQJGDWDDUHVKRZQLQ)LJXUH%DVIRU'DX$WKH\ILWWKH6$16VFDWWHULQJGDWDZHOODQGDUH
LQGLVWLQJXLVKDEOH 7KH  F YDOXHV  3 DQG  3 DUH KLJKHU WKDQ IRU WKH QRQGHXWHUDWHG
SURWHLQV DV WKH LPSURYHG VLJQDO WR QRLVH UDWLR PHDQV WKDW D VPDOO GLVFUHSDQF\ EHWZHHQ WKH
H[SHULPHQWDO GDWD DQG WKH SUHGLFWHG '$00,1 VFDWWHULQJ FXUYH LV KHDYLO\ ZHLJKWHG DQG SHQDOLVHG
ZLWKLQWKHFYDOXH7KH3DQG3PRGHOVVXSHULPSRVHZHOO6XSSOHPHQWDU\)LJXUH6&ZLWKDQ
16'RI
7KHRYHUDOO VKDSH DUFKLWHFWXUH DQGGLPHQVLRQVRI'DX$DQGG<H6OF$DUHYHU\ VLPLODU DQG WKH
WZR FDQ EH DOLJQHG ZLWK DQ 16' RI  )LJXUH &  'DX$ LV D VOLJKWO\ ODUJHU PROHFXOH WKDQ
<H6OF$DVUHIOHFWHGE\WKHGLPHQVLRQVRIWKHSDUWLFOHV[[cIRU'DX$DQG[[c
IRU G<H6OF$ WKH FHQWUDO GRPDLQ RI 'DX$ DSSHDUV EXONLHU ZLWK D PRUH SURPLQHQW FHQWUDO
H[WHQVLRQ WKDQ WKDW RI G<H6OF$ 2YHUDOO WKH GLPHQVLRQV DQG DUFKLWHFWXUH RI WKH WZR SURWHLQV


















FKRVHQDV WKHVLWH IRUQLWUR[LGHVSLQ ODEHOOLQJDV LW LVSUHGLFWHG WREHERWKDFFHVVLEOH WR WKHVROYHQW
WKXVPD[LPLVLQJWKHOLNHOLKRRGRIODEHOOLQJDQGZLWKLQDQDKHOL[UHGXFLQJWKHSRVVLELOLW\RIORFDWLQJ
WKHVLWH LQDKLJKO\PRELOH ORRS UHJLRQ )LJXUH$7KHPXWDWLRQ'&ZDVPDGH LQDFRQVWUXFW





WR WKH SURWHLQ DW D VROYHQW H[SRVHG SRVLWLRQ 6XSSOHPHQWDU\ )LJXUH 6$ &' VSHFWUDO DQDO\VLV
GHPRQVWUDWHVWKDWWKHODEHOOHGPXWDQWIROGVFRUUHFWO\ZLWKDSUHGLFWHGVHFRQGDU\VWUXFWXUHFRQWHQWRI
DKHOL[ EVKHHW  WXUQ DQG  GLVRUGHUHG DOPRVW LGHQWLFDO WR WKDW RI <H6OF$
DKHOL[EVKHHWWXUQDQGGLVRUGHUHG6XSSOHPHQWDU\)LJXUH6%










Slc26A2 domain organisation 
6/& SURWHLQV SRVVHVV WZR GRPDLQV D 70 GRPDLQ SUHGLFWHG WR FRPSULVH  70+V DQG D
VROXEOH F\WRSODVPLF 67$6 GRPDLQ 7R LQYHVWLJDWH WKH SRVLWLRQLQJ RI WKHVH GRPDLQV ZLWKLQ WKH
FRQVHUYHGVWUXFWXUDODUFKLWHFWXUHZHFRQVLGHUHGKRZWKH70DQG67$6GRPDLQVFRXOGEHDUUDQJHG
7KH GLPHULVDWLRQ LQWHUIDFH FRXOG EH IRUPHG E\ HLWKHU WKH 70 GRPDLQV RU WKH 67$6 GRPDLQV 7R
LQYHVWLJDWH WKLV DUUDQJHPHQW ZH JHQHUDWHG WZR FODVVHV RI <H6OF$ YDULDQWV RQH ZLWK JUHHQ
IOXRUHVFHQWSURWHLQ*)3IXVHGDIWHUWKH67$6GRPDLQIRUPLQJD&WHUPLQDOH[WHQVLRQDQGWKHRWKHU








7R IRUP WKH &WHUPLQDOO\ H[WHQGHG <H6OF$ WZR GLIIHUHQW FKLPHULF *)3WDJJHG <H6OF$





67$6 GRPDLQ DQG *)3 WR IRUP <H*)3 0:PRQRPHU N'D DQG <H*)3 0:PRQRPHU






TXDQWLW\ RI GHWHUJHQW ERXQG WR WKH SURWHLQ (OXWLRQ YROXPHV FDQ EH XVHG TXDOLWDWLYHO\ WR JLYH DQ
LQGLFDWLRQ RI UHODWLYH PDVVHV 7KH HOXWLRQ YROXPH IRU <H70 IURP D 6XSHUGH[  JHO ILOWUDWLRQ







DPRVWSUREDEOH ILQDO VWUXFWXUH$V WKHVFDWWHULQJGDWD IRUERWK<H*)3DQG<H*)3DUHYHU\
VLPLODU ZH SUHVHQW KHUH RQO\ WKH PRGHOOLQJ DQDO\VLV IRU <H*)3 ([DPSOHV RI WKH SUHGLFWHG
VFDWWHULQJFXUYHVIURPLQGLYLGXDOPRVWW\SLFDO'$00,1PRGHOVDUHVKRZQLQ)LJXUH%WKHILWVRI
WKH3DQG3PRGHOVWRWKH6$16GDWDDUHH[FHOOHQWZLWKFYDOXHVRIDQGUHVSHFWLYHO\





' KRZHYHU ZKHQ WKH VKDSH RI WKH PROHFXOHV DUH FRPSDUHG LW FDQ EH VHHQ WKDW <H*)3 KDV
















,QSDUDOOHO WR LQYHVWLJDWLQJ&WHUPLQDO*)3IXVLRQZHVWXGLHGWKHHIIHFWRI UHPRYLQJ WKH&WHUPLQDO
67$6GRPDLQWROHDYHRQO\WKH70GRPDLQ<H707KH70GRPDLQFRXOGQRWEHH[SUHVVHGDORQH
KRZHYHU LW ZDV UHDGLO\ H[SUHVVHG ZLWK D &WHUPLQDOO\ IXVHG *)3 SODFHG DIWHU D 7(9 SURWHDVH
FOHDYDEOHOLQNHU7KH*)3SURWHRO\WLFDOO\UHPRYHGDIWHULQLWLDO,0$&SXULILFDWLRQDQGWKH70GRPDLQ








6$16 GDWD ZHUH FROOHFWHG IRU <H70 )LJXUH $ UHVXOWLQJ LQ D UDGLXV RI J\UDWLRQ RI  c
7DEOH6DVH[SHFWHGVPDOOHUWKDQWKDWIRUWKHIXOOOHQJWKSURWHLQDQGVXJJHVWLYHRIDPRUHFRPSDFW
SDUWLFOH 8QH[SHFWHGO\ DE LQLWLR PRGHOV JHQHUDWHG ZLWK QR V\PPHWU\ FRQVWUDLQWV 3 DSSHDUHG WR
KDYH3URWDWLRQDOV\PPHWU\)LJXUH%UDWKHUWKDQWKH3V\PPHWU\VHHQLQWKHIXOOOHQJWKDQG




)LUVWO\ ZH SHUIRUPHG &' VSHFWURVFRS\ WR FRQILUP WKDW UHPRYDO RI WKH 67$6 GRPDLQ KDG QRW
FRPSURPLVHG WKH IROGLQJ RI <H70 7KH VSHFWUDO DQDO\VLV FOHDUO\ VKRZV WKDW WKH <H70 LV IXOO\
IROGHGDQGVWDEOH LQGHWHUJHQWPLFHOOHV ZLWKDFRPSRVLWLRQRIDKHOL[EVKHHWWXUQ
DQG  GLVRUGHUHG 7R LQYHVWLJDWH WKH SRVVLELOLW\ WKDW <H70 JHQXLQHO\ KDV 3 V\PPHWU\ DE
LQLWLR PRGHOV ZHUH JHQHUDWHG ZLWK ERWK WKH SUHGLFWHG 3 V\PPHWU\ DV ZHOO DV WKH REVHUYHG 3
V\PPHWU\ 7KHSUHGLFWHGVFDWWHULQJFXUYHVDUHLQGLVWLQJXLVKDEOHIURPHDFKRWKHUDQG WKH3PRGHO
)LJXUHV&DQG6%ILWWLQJWKH6$16GDWDZHOOZLWKFYDOXHVRI3DQG37KH
3 DQG 3 PRGHOV DUH DOVR DOPRVW LGHQWLFDO WR HDFK RWKHU )LJXUH ' IRUPLQJ ERZ WLHOLNH






HQYHORSH LV ODUJHUHYHQ WKDQ WKH IXOO OHQJWKSURWHLQ VXSSRUWLQJ WKHSRVVLELOLW\ WKDW<H70IRUPVDQ
ROLJRPHURIKLJKHURUGHUWKDQIXOOOHQJWK<H6OF$([DPLQDWLRQRIWKHVROYHQWH[FOXGHGYROXPHV
GHULYHG IURPD3252'DQDO\VLVRI WKH6$16GDWD c DQG WKH'$00,1 PRGHOV
c EHLQJ  DQG  WLPHV WKH WKHRUHWLFDO YDOXH IRU D PRQRPHU  c SOXV WKH
SUHVHQFH RI 3 V\PPHWU\ ZKLFK LV PRUH XVXDOO\ IRXQG LQ WHWUDPHUV WKDQ GLPHUV VXJJHVWV WKH
SRVVLELOLW\WKDW<H70IRUPVDWHWUDPHU
Ye-TM forms a dimer of dimers 
&ORVHLQVSHFWLRQRIDVXSHULPSRVLWLRQRI<H70DQGG<H6OF$UHYHDOVWKDWWKHXSSHUKDOIRIWKH
PROHFXOHVDUHYHU\VLPLODU LW LV WKHORZHUKDOYHVWKDWGLIIHU)LJXUH) *LYHQWKHVXVSHFWHG3
V\PPHWU\ZLWKLQ<H70ZKHUHWKHORZHUKDOIRIWKHPROHFXOHZRXOGEHDURWDWLRQRIWKHXSSHUKDOI
WKLVOHGXVWRVSHFXODWHWKDW<H70FRQVLVWVRIDµGLPHURIGLPHUV¶:HK\SRWKHVLVHGWKDWWKH67$6
GRPDLQ LV ORFDWHG LQ WKH ORZHU SRUWLRQ RI WKH GLVWDO DUPV DQG KHQFH LWV UHPRYDO OHDYHV WKH XSSHU
SRUWLRQRI WKHQDWLYHGLPHU WKHVDPHVWUXFWXUHDV WKHXSSHUSRUWLRQRIG<H6OF$7R LQYHVWLJDWH
ZKHWKHU WKLVZDVSRVVLEOHZH PDGHDPRGHORIWKHXSSHUSRUWLRQRIWKHG<H6OF$3PRGHOE\
UHPRYLQJ EHDGV DQG ILWWLQJ WKLV DQG WKH PRGHO RI WKH 67$6 GRPDLQ ZLWKLQ WKH G<H6OF$ 3
HQYHORSH)LJXUH$ ,I WKH UHJLRQZKLFKLQWHUDFWHGZLWKWKH67$6GRPDLQUHWDLQV WKHSRWHQWLDO WR
IRUP SURWHLQSURWHLQ LQWHUDFWLRQV ROLJRPHULVDWLRQ ZLWK DQRWKHU <H70 GLPHU LV SRVVLEOH KHQFH
IRUPLQJ D WHWUDPHU ZLWK 3 V\PPHWU\ )LJXUH %  7KLV K\SRWKHVLV SUHGLFWV WKDW WKH WKUHH





ZDV FRQVWUXFWHG DV ZHOO DV YDULDQWV HDFK FRQWDLQLQJ RQO\ RQH RI WKH WKUHH QDWLYH F\VWHLQHV 7KH
F\VWHLQHOHVVSURWHLQ DQG WKH WKUHH VLQJOH F\VWHLQHYDULDQWVZHUH LQFXEDWHGZLWK3(*0$/DQG WKH
HIIHFWVRIWKHODEHOLQYHVWLJDWHGE\6'63$*(:KHQ3(*0$/UHDFWVZLWKDF\VWHLQH LWFDXVHVD
EDQG VKLIW XSRQ 6'63$*( DQDO\VLV  $OO WKUHH F\VWHLQH PXWDQWV FRXOG EH ODEHOOHG E\ 3(*0$/







$IWHU LQFXEDWLRQ RI WKH IXOO OHQJWK <H6OF$ ZLWK 3(*0$/ WKUHH EDQGV DSSHDU RI LQFUHDVLQJ
PROHFXODUZHLJKWFRUUHVSRQGLQJWRVXFFHVVLYHODEHOOLQJRIDQGF\VWHLQHV)LJXUH&:KHQ<H
70 ZDV LQFXEDWHG ZLWK 3(*0$/ WKHUH ZDV QR FKDQJH LQ WKH EDQG SDWWHUQ LQGLFDWLQJ WKDW WKH
F\VWHLQHVDUHQRORQJHUDFFHVVLEOHWRWKHODEHOOLQJUHDJHQWDVZHSUHGLFWHGLI<H70IRUPVDGLPHURI
GLPHUV YLD WKH F\WRSODVPLF IDFH RI WKH SURWHLQ 7KXV ZH FRQFOXGH WKDW WKH 70 GRPDLQV IRUP WKH




WR EXLOG KRPRORJ\ PRGHOV IRU <H6OF$ DQG 'DX$ 7KH ++3UHG VHUYHU >@ IRU KRPRORJ\
SUHGLFWLRQ ZDV XVHG LQ FRQMXQFWLRQ ZLWK WKH 02'(//(5 KRPRORJ\ PRGHOOLQJ SURJUDP >@ WR
JHQHUDWH DWRPLF PRGHOV  6HTXHQFHV IRU IXOO OHQJWK <H6OF$ 70  DQG 67$6 
GRPDLQVZHUHVXEPLWWHGVHSDUDWHO\DVZHUHVHTXHQFHVIRUWKHIXOOOHQJWKDQG70GRPDLQRI







WHVWHG WKHVWUXFWXUDOPRGHOE\VXEMHFWLQJ LW WRQVDOODWRPPROHFXODUG\QDPLFVVLPXODWLRQV LQD
IXOO\ K\GUDWHG 323& PHPEUDQH ELOD\HU 7KH PRGHO GLG QRW VKRZ ODUJH GHYLDWLRQV IURP WKH LQLWLDO






PHPEHUV DUH DQLRQ WUDQVSRUWHUV YDULRXVO\ DEOH WR IXQFWLRQDV V\PSRUWHUV DQWLSRUWHUVDQGFKDQQHOV
PRYLQJDZLGHYDULHW\RIVXEVWUDWHVIURPKDOLGHVWRFDUER[\OLFDFLGVDFURVVFHOOPHPEUDQHV>@:KLOH
D YDULHW\ RI PHFKDQLVPV PD\ EH UHVSRQVLEOH IRU WKLV UDQJH RI IXQFWLRQV WKHUH LV H[SHFWHG WR EH D
FRQVHUYHGIROGDQGWKHUHIRUHRYHUDOOVWUXFWXUDODUFKLWHFWXUHDFURVVWKHIDPLO\>@6OF$SURWHLQV
DUHSUHGLFWHGWRFRPSULVHWZRGRPDLQVD70GRPDLQDQGDF\WRSODVPLF67$6GRPDLQ+RZHYHUWR
GDWH WKHUHKDVEHHQQR WKRURXJKVWXG\ WR LQYHVWLJDWH WKH VWUXFWXUDODUFKLWHFWXUHDQG LWVFRQVHUYDWLRQ
ZLWKLQ WKH IDPLO\ :H KDYH XVHG 6$16 WR LQYHVWLJDWH ERWK WKH FRQVHUYDWLRQ RI DQG WKH GRPDLQ
DUUDQJHPHQW ZLWKLQ WKH VWUXFWXUDO DUFKLWHFWXUH RI WZR GLVWDQWO\ UHODWHG EDFWHULDO 6OF$ SURWHLQV
'DX$DQG<H6OF$
$VK\SRWKHVLVHG6$16GHULYHGHQYHORSHVIRU'DX$DQG<H6OF$DSSHDUYHU\VLPLODUFRQVLVWLQJ
RI DEXON\FHQWUDOGRPDLQZLWK WZRGLVWDO OREHV )LJXUH&7KH\DOLJQZLWKDQ H[FHOOHQW16'RI
 ZLWK RQO\ PLQRU GLIIHUHQFHV LQ WKH FHQWUDO UHJLRQ WKXV FRQILUPLQJ WKDW WKHUH LV LQGHHG D
FRQVHUYHGVWUXFWXUDODUFKLWHFWXUHWKURXJKRXWWKHEDFWHULDOPHPEHUVRIWKH6OF$IDPLO\%DVHGXSRQ
WKH SURSRVDO IURP 6KHOGHQ HW DO  >@ ZH LQIHU WKDW WKLV DUFKLWHFWXUH LV FRQVHUYHG DFURVV WKH








V\PPHWU\ SUHVHQW LQ WKH 6$16 PRGHOV DQG DV ZH SUHYLRXVO\ SURSRVHG >@ 3(/'25 DQDO\VLV
FRQILUPHGWKDW<H6OF$LVDGLPHU*LYHQWKHVWUXFWXUDOVLPLODULW\EHWZHHQ<H6OF$DQG'DX$





GLPHULVDWLRQ LQWHUIDFH 7KH DGGLWLRQ RI *)3 DW WKH &WHUPLQXV RI <H6OF$ FUHDWHG DQ H[WHQGHG
PROHFXOHGHPRQVWUDWLQJ WKDW WKH67$6GRPDLQ UHVLGHVZLWKLQ WKHGLVWDO OREHV 7KLV LV LQDJUHHPHQW












$QH[SHULPHQWDOO\YHULILHGKRPRORJ\ PRGHORI UDW3UHVWLQ 6/&$KDV UHFHQWO\EHHQSXEOLVKHG
EDVHGXSRQWKHKLJKUHVROXWLRQVWUXFWXUHRI8UD$IURPWKH1&6IDPLO\>@%RWK6OF$DQG1&6
IDPLOLHVEHORQJWRWKH$3&VXSHUIDPLO\>@:HJHQHUDWHGDKRPRORJ\PRGHORI<H6OF$EDVHG
RQ WKH 8UD$ VWUXFWXUH XVLQJ D VLPLODU PHWKRG WR FRPSDUH ZLWK RXU H[SHULPHQWDOO\ GHWHUPLQHG
VWUXFWXUDO DUFKLWHFWXUH )LJXUH  DQG 6XSSOHPHQWDU\ )LJXUH 6 $OODWRP PROHFXODU G\QDPLFV
VLPXODWLRQVLQDVROYDWHGELOD\HUZHUHXVHG WRGHWHUPLQHWKHVWUXFWXUDOLQWHJULW\RI WKLVPRGHO 7KH
ILQDOPRGHOKDVDVHFRQGDU\VWUXFWXUHFRQWHQWRIDKHOL[DQGEVKHHWLQH[FHOOHQWDJUHHPHQW
ZLWK RXU H[SHULPHQWDOO\ GHWHUPLQHG FRPSRVLWLRQ RI  DKHOL[ DQG  EVKHHW IRU WKH 70
GRPDLQ)XUWKHUPRUHWKHWU\SVLQDQGKHQFHVROYHQWDFFHVVLEOHVLWHVLGHQWLILHGSUHYLRXVO\>@FOXVWHU
RQWKHSUHGLFWHGF\WRDQGSHULSODVPLFHGJHVRIWKHPROHFXOH)LJXUH%
,Q FRPPRQ ZLWK WKH SUHVWLQ PRGHO DQG 8UD$ VWUXFWXUH UHIV WKH <H6OF$ KRPRORJ\ PRGHO
FRPSULVHVDµFRUH¶GRPDLQFRQWDLQLQJWZRXQXVXDOVKRUWEVWUDQGVZKLFKDUHWKRXJKWWRSOD\DUROHLQ
WKHWUDQVSRUWSDWKZD\DQGDµJDWH¶GRPDLQWKDWLVSURSRVHGWRXQGHUJRFRQIRUPDWLRQDOFKDQJHGXULQJ





:H SODFHG WKH <H6OF$ 70 GRPDLQ PRGHO ZLWKLQ WKH GHXWHUDWHG <H6OF$ 6$16 HQYHORSH
DORQJVLGHDKRPRORJ\PRGHORIWKH<H6OF$67$6GRPDLQSRVLWLRQLQJWKH67$6GRPDLQZLWKLQ
WKHORZHUSRUWLRQRIWKHGLVWDODUPV)LJXUH:KLOVWWKH70GRPDLQPRGHODSSHDUVWRILWWKHFHQWUDO
UHJLRQ RI WKH 6$16 PRGHO UHODWLYHO\ ZHOO LW GRHV QRW ILOO WKH XSSHU SRUWLRQ RI WKH GLVWDO OREH DV
SUHGLFWHGE\WKH70GRPDLQ6$16HQYHORSHVDQGFRQVHTXHQWO\WKHUHLVDVWHULFFODVKZLWKWKH67$6
GRPDLQ ,W LV SRVVLEOH WKDW WKH6OF$SURWHLQV RU WKHEDFWHULDOPHPEHUV DW OHDVW GHYLDWH IURP WKH
8UD$ VWUXFWXUH LQ WKLV GLVWDO UHJLRQ +RZHYHU LW LV WHPSWLQJ WR VSHFXODWH WKDW WKH 6$16 VWUXFWXUHV




















DQG 'U $QQH 0DUWHO IRU KHOS ZLWK WKH VHWXS RI WKH LQVWUXPHQW Author contributions: (/5&$-
GHVLJQHG WKH UHVHDUFK (/5&.3+)8/'*0)*$- SHUIRUPHG WKH H[SHULPHQWV















Figure 2. Ab initio DauA envelope.
$([SHULPHQWDOO\GHWHUPLQHG6$16VFDWWHULQJGDWDIRU'DX$DQGG<H6OF$4LVWKHVFDWWHULQJ
YHFWRU DQG , UHSUHVHQW WKH LQWHQVLW\ % ,QGLYLGXDO 'DX$ PRGHOV SURGXFHG E\ '$00,1 ZLWK QR
V\PPHWU\ FRQVWUDLQWV 3 & $YHUDJHG 'DX$ PRGHO ZLWK QR V\PPHWU\ FRQVWUDLQWV 3 '
$YHUDJHG 'DX$ PRGHO JHQHUDWHG ZLWK 3 V\PPHWU\ ( ([SHULPHQWDO 'DX$ 6$16 GDWD DQG
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Figure 6.Ab initio Ye-TM envelope. 
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Sample Rg (Å) / Guinier Rg (Å) / GNOM 
DauA 47.7 +/- 3.6  41.4 
dYeSlc26A2 46.7 +/- 0.4  41.5 
Ye-3-GFP 51.9 +/- 2.2  51.7 
Ye-11-GFP 53.1 +/- 2.4 - 
YeSTM 39.8 +/- 3.8  38.9 
 
Figure S1. SANS characterisation of DauA.  
Distance distribution P(R) used in the modelling of DauA ab initio envelopes. 
Figure S2. SANS characterisation of dYeSlc26A2.  
(A) Distance distribution P(R) used in the modelling of dYeSlc26A2 ab initio envelopes. (B) 
Averaged P1 dYeSlc26A2 model with no symmetry constraints. (C) Superimposition of P1 
dYeSlc26A2 (beads) and P2 dYeSlc26A2 (outline) models.  
Figure S3. Biochmical characterisation of Ye-D416C 
(A) CW EPR spectra for Ye-D416C (B)Ye-D416C and YeSlc26A2 CD spectra. 
Figure S4. SANS characterisation of Ye-3-GFP.  
(A) Distance distribution P(R) used in the modelling of Ye-3-GFP ab initio envelopes. (B) 
Averaged P1 Ye-3-GFP model with no symmetry constraints. (C) Superimposition of P1 Ye-3-
GFP (beads) and P2 Ye-3-GFP (outline) models. 
Figure S5. SANS characterisation of Ye-TM  
(A) Distance distribution P(R) used in the modelling of Ye-3-GFP ab initio envelopes. (B) 
Experimental Ye-TM SANS data and predicted scattering curves for typical DAMMIN Ye-TM 
models generated with no symmetry (P1) and P2 symmetry (P2) constraints. 
Figure S6. Accessibility of YeSlc26A2 cysteine residues.  
MAL-PEG labelling of YeSlc26A2 cysteineless (No cys) and single cysteine (C15, C51 and 272) 
mutants. 
Figure S7. YeSlc26A2 and DauA molecular dynamics simulations. 
100ns all-atom molecular dynamics simulations of homology models in a fully solvated, 
POPC bilayer. (A) Overlay of final YeSlc26A2 model after all-atom molecular dynamics 
simulations in fully solvated POPC bilayer (rainbow: N-terminus blue to C-terminus red) 
overlaid with UraA (grey; pdb: 3QE7). (B) Three independent RMSD trajectories for the 
YeSlc26A2 homology model over the course of molecular dynamic simulations. (C) Overlay 
of final DauA and YeSlc26A2 models. (D) Three independent RMSD trajectories for the DauA 
homology model over the course of the molecular dynamic simulations. (E) Final YeSlc26A2 
model with conserved residues shown as sphere representation. The core domain is shown 
in light pink, the gate domain in light blue, the E-strand motif (red) and helices containing 
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Ye-TM SANS data
P1 DAMMIN (F2 =0.474)
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